A leaching experiment of calcareous saline-sodic soil was conducted in Jordan Valley and aimed to reduce the soil salinity ≤ 4.0 dS m −1 . The quantification of salt removal from the effective root zone was done using three treatment scenarios. Treatment A contained soil amended with gypsum leaching with fresh water (EC = 1.1 dS m −1 ). Treatments B and C contained nonamended soil, but B was leached with fresh water only while treatment C's soil was washed with saline agricultural drainage water (EC = 8 dS m −1 ) at the start of the experiment and continued with fresh water to reach the desired soil salinity. All treatments were able to reduce the soil salinity to the desired level at the end of the experiment; however, there were clear differences in the salt removal efficiencies among the treatments which were attributed to the presence of direct source of calcium ion. The soil amended with gypsum caused a substantial decline in soil salinity and drainage water's electrical conductivity and drained the water twice as fast as the nonamended soil. It was found that utilizing agricultural drainage water and gypsum as a soil amendment for calcareous saline-sodic soil reclamation can beneficially contribute to sustainable agricultural management in the Jordan Valley.
Introduction
Saline-sodic soil can significantly reduce the productivity of affected agricultural land. Saline soil has an electrical conductivity (EC) of the saturation soil extract of more than 4 dS m −1 at 25 ∘ C [1, 2] . Soil salinity is a major problem facing sustainable development in the agricultural sector in the Jordan Valley and adversely affects soil productivity. Many arid and semiarid regions in the world contain soil and water resources that have high salinity rates not suitable for most common economic crops [3] . Jordan, with an area of 89,556 km 2 of which more than 80% is desert, has more than 180,000 ha of arable land affected by soil salinity [4] . The main sources of soil salinity are either natural (due to parent soil materials, salt deposits, and climatic conditions) or caused by long-term use of fertilizers, low rainfall, and the use of highsalt irrigation water. In the Jordan Valley, these sources are predominantly found on a large portion of land surrounding the Dead Sea area and are naturally high in saline due to the declination of the Dead Sea's water level. In other areas in the Middle and Northern parts of the valley, soil salinity is due to upward movement irrigation practices in hot, dry climatic conditions where dissolved salts accumulate in the root zone [5, 6] . Removing salts from the root zone can be done by using various methods. Soil leaching is well known to be the most effective procedure, but this requires a large amount of water. Therefore, it is not recommended for a country, such as Jordan, with scarce water resources. Biological methods, such as salt tolerant plants (halophytes) and certain bacterial strains, were reported to be effective in removing salts from the root zone [2, 7] . Poor irrigation water quality along with saline-sodic soil has reduced plant yield and represents a serious threat to soil productivity. Nevertheless, information on the effects of these methods on soil reclamation is scarce in this region.
Reuse of saline water and amelioration of salt-affected soil is becoming an increasingly vital tool to improve crop production and has created extra farm land which has saved fresh water resources. Additionally, many areas of the world have soil with problems of high salinity and water logging. A large number of subsurface/surface drainage systems have been installed to lower the water table and leach salts from saline-sodic soil. Poor quality water can be used for the leaching of saline-sodic soil in areas where there are limited fresh water resources and salt-affected soils.
Sodic soil contains an excess of exchangeable Na + on soil colloids and has soluble carbonates which results in higher soil pH. The amendments to saline-sodic soil are materials that will furnish divalent cations such as Ca +2 to replace exchangeable Na + . The exchange of Ca +2 with Na + in soil results in flocculation of soil particles, the restoration of porous structures, and the increase in soil permeability. The reclamation of sodic soil also requires water high in electrolytes to pass through the soil profile having leaving divalent ions, usually Ca +2 , in the soil and washing exchanged Na + ions away from the root zone (Hanay et al. dissolution. Gypsum is the most prevalent agricultural soil amendment used for reclamation of sodic soil. It decreases the damaging effects of high sodium content in irrigation water because of its high solubility, ease of use, and low cost [8] . Several studies have shown that a high application of gypsum to reclaim saline-sodic soils increases the removal of excess Na + from soil and causes a significant reduction in electrical conductivity and sodium adsorption . Therefore, the objective of this study was to reclaim saline-sodic soils using gypsum-amended soil, fresh water, and drained water. The study's aim was to facilitate saline soil leaching in an arid environment, such as the Jordan Valley, and to decrease the electrical conductivity of soil salinity to less than 4.0 dS m −1 . Additionally, investigations were performed to analyze the leachability of major cations and anions in the soil profile. Finally, the study's other purpose was to ascertain sustainable water management (SWM) practices through preservation of fresh water by leaching saline soil using drained water.
Materials and Methods

Field Site and Experiment Preparations.
This research was conducted in Ghor Al-Safi, an area in the southern part of the Jordan Valley approximately 20 km from the southern edge of the Dead Sea. The area is nearly flat with just a slight slope to the west. The climate is subtropical and is characterized by a hot, dry summer season (April to October) and a warm winter season (November to March). Rainfall is less than 80 mm/year occurring mainly in two or three main events during the winter season [9, 10] . The soil is characterized by low fertility, organic matter (1.01 to 4.71%), and CEC (49 cmol kg −1 ) [11, 12] . The natural vegetation in this area consists of scattered wild plants tolerant to high salinity, such as Prosopis farcta, Proposi juliflord, and Ziziphus spinachristi [13] . The dominant soil texture is silt with poor soil structure, and the average salinity is 98.1 dS/m based on a saturated paste test. This land has been categorized as an extremely salty area [14] . A marly layer, 40 cm thick, was found at approximately 60 cm deep.
Soil reclamation experiments were conducted using three types of reclamation treatments. The chemical and physical soil properties were measured before and after the reclamation experiments to assess the efficiency of salt removal and to quantify amount of salt removed from the plant effective root zone using different treatments. The treatments were applied, namely, soil amended with gypsum (treatment A), untreated soil consistent with the area (treatment B), and untreated soil (treatment C). Treatment C was washed with agricultural drainage saline water (EC = 8.0 dS m Gypsum was applied to treatment A at an application rate of 10.9 t ha −1 . The gypsum requirement is the amount of applied gypsum (application rate) required to reduce the exchangeable sodium percent (ESP) to 10% at the end of the experiment, given that the ESP was approximately 42% according to similar records for the study area [14] . The upper 30 cm of soil was well mixed and irrigated with fresh water once per week. Treatment B represented soil typically found in the study area. This treatment was continuously washed with fresh water during the experimental period. Conversely, treatment C was leached initially using saline water until the drainage water reached a salinity value of 20 dS m −1 . Afterwards, it was leached with fresh water until the drainage water reached an EC value of 4 dS m −1 .
Soil, Water
Samplings, and Analysis. Soil samples were collected from three depths (0-50, 50-100, and 100-150 cm) for each treatment at the beginning and after at least 25 weeks of leaching treatments; the data is shown in Tables  1 and 2 . From each treatment, 10 samples were taken from 3 depths (0-50, 50-100, and 100-150 cm) using a soil auger and then homogenized to represent each treatment, in total 30 samples. In summary, three homogenized samples were analyzed for each treatment. determined by atomic absorption spectrophotometry (AAS). Finally, Na + and K + were analyzed using flame emission photometry (FEP).
While exchangeable Na + and K + were extracted in ammonium acetate and Ca +2 and Mg +2 in sodium acetate according to Rowell [17] , they were then analyzed using the same FEP and AAS techniques mentioned above, respectively. Furthermore, EC was measured in the saturated soil paste extract using an EC-meter [16] . Soil texture was determined using the hydrometer method according to Gee and Bauder [18] . OM was determined using the wet oxidation method according to Sparks et al. [19] . CEC was determined by displacement of cations from soil samples with 1 N ammonium acetate, and determination was done using Flame Photometer (Palemio and Rhoades 1977). Gypsum was analyzed in soil according to the standardized procedure described by Schlichting et al. [20] . The carbonate (HCO 3 ) content was determined using a volumetric titration method of soil paste extract (Rhoades et al. 1992) .
Water samples were collected from fresh water used for irrigation and soil leaching and drainage water using polyethylene bottles. The water was collected through drainage canals around each treatment at a depth of 1.8 m during the leaching experiment until its EC value reached ≤4 dS m −1 . All of the drainage water was pumped out and its quantity measured. Furthermore, it was analyzed for EC and major ionic composition. The following ions (Na + , Ca +2 , Mg +2 , Cl − , and SO 4 −2 ) were analyzed using Dionex Ion Chromatograph Model DX 100 (Dionex, USA).
Statistical Analysis.
Design analysis of variance (ANOVA) was used to test the treatments effected by applying the following mathematical model [21] : = + + + ij (where represents the observation from ijth experimental unit (=plot), represents the effect of treatment i, such that the average of each treatment = + , ij are the residuals, the deviations of each observation from their expected values, is the effect of jth replication, and is the overall mean). Fisher's least significant differences (LSD) were used as a method for comparing treatment means. The statistical analysis was done using Statistical Analysis System (SAS) software.
Results and Discussion
Physical and Chemical Soil Properties.
The predominant soil texture in the experimental site was silty as recorded in Table 1 . High silt content has an adverse impact on soil moisture movement due to its low hydraulic conductivity. The OM content varied from 0.7 to 3.0% and EC from 27 to 144 dS m −1 for the investigated soil, Table 1 . Thus, the soil was classified as saline-sodic soil [22] . High soil salinity is a limiting factor for microbial soil activity; it is responsible for OM degradation; hence it accumulates under a saline environment. Moreover, the upper soil depth (0-50 cm) showed elevated ESP range (39-97%) because of evapotranspiration as a result of high temperatures in the Jordan Valley. As a result of capillary phenomenon, more salt accumulated in the upper soil horizon [23] . While ESP ranged from 17 to 45% for the middle soil depth (50-100 cm), the deepest soil layers (100-150 cm) showed a high ESP range of 27-55% because they were in contact with the water − where its concentration ranged from 108 meq/L within the deep layers of the soil to 670 meq/L at the surface layer. The pH value ranged from 6.9 to 8.3. The alkaline pH was due to the presence of high CaCO 3 concentrations in the soil [24] . The soil CaCO 3 ranged from 35.0% up to 47.6%. Under alkaline soil, the dissolution of CaCO 3 is unlikely, resulting in low HCO 3 concentrations (2.4 to 5.0 meq/L) as in Table 1 ; therefore alkaline pH inhabits the Ca +2 solubility [25] . Thus, the major source of Ca +2 in the soil was gypsum, where gypsum concentration ranged from 1.5 to 6.2%. Gypsum was being utilized for reclamation of sodic soils as a source of Ca +2 to replace Na + (Bresler 1982) . Therefore, an extra amount of gypsum was added to the soil since its original amount was not adequate to reclaim saline-sodic soil (Frenkel et al. 1989; Baumhardt et al. 1992 ). The cumulative water quantities were recorded during the leaching experiments which lasted for at least 25 weeks to reduce the soil salinity to 4.0 dS m −1 . These water quantities were 107, 101, and 102 m 3 per 50 m 2 for gypsum, fresh water, and saline water treatments, respectively (Figure 2 ). The estimated leached water amounts required for reclamation of the investigated saline-sodic soil were 21400, 20200, and 20400 m 3 per hectare, for gypsum, fresh water, and saline water treatments, respectively. These water amounts were considered high for Jordan which suffers from severe water shortage [12, 26] . Therefore, utilizing agricultural drainage water for leaching processes until reaching 20 dS m −1 of drained water can save around 66% (13200 m 3 per hectare) of fresh water requirements [27] . One drawback of this approach is that using brackish water consumes a larger amount of water compared to the amount needed for leaching with fresh water [28, 29] . Additionally, soil swelling might take place too which may lead to an increase in volume as the soil gets wet and shrinks as it dries out. This phenomenon might occur when a high salt content such as ESP > 15% in the soil is high [30] , and an extensive degradation in soil structure might occur when irrigation waters have SAR > 13 [31] . A mass balance of Na + shows that not all of the exchangeable sodium can be removed during the reclamation stage, even though excess amounts of gypsum were applied [31] . (Figure 3) showed that the three different leaching treatments were able to reduce soil salinity to less than 4 dS m −1 at the end of the experiment. A sharp decline in soil salinity during the first few weeks of the leaching experiment was observed. Then a gradual decrease was observed with successive leaching until the end of the experiment. The gypsum treatment A was the fastest and most effective treatment as the EC declined to less than 20 dS m −1 only in 7 weeks, while treatment B needed 14 weeks and treatment C needed 16 weeks, Figure 3 . Similar behavior of soil salinity was also reported by Gharaibeh et al. [29] . Gharaibeh et al. 's research showed that leached salts were greater at the start of the experiment, but their efficiencies decreased consistently over time. The water quality used for leaching played an important role in the amount of water and time required for salt to be leached from treated soil. The lower the amount of salt in the leaching water, the greater the amount of salt removed. In this study, the phenomenon was also observed in fresh water as the time and amount of leached water were much lower than the saline water. By using different leaching water qualities, there was a difference in the salt removal rate between the three treatments. For example, treatment A showed a sharp decrease in salinity due to the use of gypsum as a rich source of calcium ion: the drop in EC was relatively fast when compared to the other treatments, as shown in Figure 3 . This behavior relates to the flocculation of soil particles which is a distinctive occurrence when gypsum is applied. This will improve the soil's hydraulic conductivity and consequently help with the leaching of soluble salts (Oster 1982; Mahmoodabadi et al. 2012 ). Fresh water treatment B also showed a sharp decline in salinity when compared to the saline water treatment C. These results were in agreement with S. K. Gupta and I. C. Gupta [28] . The utilization of drainage water for leaching saline sodic soil can contribute effectively in sustainable water management of scarce fresh water resources in the Jordan Valley.
Soil Leaching Experiment. Desalinization curves
The relationships between the decline in electrical conductivity (EC) and the amount of drainage water (m 3 ) from the gypsum-amended soil (A), fresh water (B), and saline water (C) treatments over the experimental period are shown in Figures 3(a), 3(b), and 3(c) . The EC of drainage water dramatically decreased in the first few weeks, and then a gradual decrease was observed until a steady state was reached at the end of the experiment. The gypsum-amended soil, treatment A, showed the fastest salt leaching process compared with both the fresh, B, and saline, C, water treatments. This may be the result of increased displacement of Na + due to an increased soil-solution of Ca +2 from amendments and subsequent leaching of the replaced Na 0  20  40  60  80  100  120  140  160  180   0   10   20   30   40   50   60   70   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29 The results also showed that gypsum treatments required smaller quantities of water to remove Na + from soil compared with fresh and saline water treatments. Similar trends were reported for saline and saline-alkaline soils [11, 29, 32, 33] . The leaching process at the beginning of the experiment showed the removal of salts from the easily percolated water in the macropores. However, in later stages of the leaching process, the drop of EC slowed as the leaching water diffused through micropores by capillary action. It is known that salinity affected soil undergoes variable equilibrium conditions through the leaching processes until complete equilibrium between soil solution and soil particles is achieved. At the end of the leaching experiment, the equilibrium process proceeded very slowly, consuming a large amount of water and time. It was found that a complete equilibrium need not be reached because partial equilibrium is sufficient to save water and time [34] .
Changes in Drainage Water's Chemical Composition.
There was a sharp decline in cations (Na + , Ca +2 , and Mg +2 )
and Cl − concentrations for drainage water during the early stages of the leaching experiments, Figure 4 . This decrease coincided with a decrease in SAR and a sharp drop in ESP which was continuously represented in the soil leaching process ( Figure 5 ). Furthermore, a similar trend was observed for Cl − ion. The leaching process of ions from the soil was dependent upon ion radius, mobility, and adsorption affinity on soil paste. The observed reduction in SAR and ESP may have been caused by Na + reduction in the soil solution over time. The replacement of Na + and K + by Ca +2 in the exchangeable sites probably led to an initial increase in soluble Na + and K + which then decreased over time.
Physical and Chemical Soil Properties after the Leaching
Experiment. The chemical properties of the collected soil samples showed a decline in EC after the leaching experiment (see Table 2 ). PH values of the soil ranged between 7.64 and 7.94 for the three treatments at all depths. No sodicity development was observed in the leached soil during or after the leaching experiment. There was a sharp drop in EC values along the soil profile during the soil leaching for all treatment methods (A, B, and C). The EC values dropped from 111, 51, and 44 dS m −1 for the three soil depths (0-50, 50-100, and 100-150 cm) to 0.94-1.18, 1.36-1.82, and 2.01-3.2 dS m −1 , respectively. Some lower EC values near the soil's surface for all treatments were noticed because of the excess leaching resulting from irrigation. Since salts are very mobile, soil EC values are being affected not only by soil amendment but also by the movement of water in the soil (Zhang et al. 2007 ). Moreover, since downward leaching of salt intensifies with irrigation or leaching, some of the salt should have been moved downward. Significant variations in cation distribution were found as a sharp decrease in exchangeable Na + and K + ions for all treatments at all depths. The results showed that the exchangeable Na + concentration dropped from 7.5, 4.1, and 3.8 meq/100 g to 1.59, 0.98, and 0.87 meq/100 g at 0-50 cm depth and to 2.02, 1.79, and 1.48 at 50-100 cm depth and 2.64, 2.38, and 1.65 at 100-150 cm depth for treatments A, B, and C, respectively, as displayed in Tables  1 and 2 .
Further, application of gypsum provided a readily available source of Ca +2 ions in the soil solution. It replaced the exchangeable Na + ions which then came into the soil solution and subsequently increased the electrolyte concentration. This increase in electrolyte concentration in turn increased the soluble salt concentration of the percolating solution [35] . Therefore, Ca +2 and Mg +2 concentrations increased from 6.7, 6.3, and 5.7 meq/100 g to 14.2, 14.9, and 15.0 meq/100 g, to 13.4, 13.5, and 13.6, and to 12.3, 12.6, and 13.4 at 0-50, 50-100, and 100-150 cm depths for treatments A, B, and C, respectively. These results support the idea that Ca +2 ion substitutes Na + ion in the soil, which leads to leaching the Na + ion from the soil. Additionally, this can be related to the higher mobility of Na + and K + than Ca +2 and Mg +2 in the soil profile during the leaching process (Mahmoodabadi et al. 2012).
Statistical Analysis Significance.
The results of the statistical analysis were designated using three superscript letters a, Applied and Environmental Soil Science b, or c, where the significance was tested at a 95% confidence limit ( Table 2 ). The treatments followed by the same letter were not significantly different at < 0.05. Significant differences were observed only at a soil depth 100-150 cm among the different treatments. 
Conclusion
It can be concluded that utilization of agricultural drainage water in preliminary stages of soil leaching for saline-sodic soil can save more than 60% of fresh water requirements for soil reclamation. Likewise, adding gypsum to saline-sodic soil reduced the amount of water needed for leaching. The drop in EC with gypsum-amended soil was relatively faster than the other treatments because of flocculation of soil particles, which is a distinctive phenomenon with use of gypsum. A sharp decrease in exchangeable Na + and K + ions for all treatments and at all depths was also noticed with an increase in exchangeable Ca +2 and Mg +2 . Overall, the three investigated leaching treatment scenarios were able to reduce soil salinity to less than 4 dS m −1 which conformed to the study's purpose.
However, the utilization of saline water resources, such as brackish and irrigation drainage water along with a gypsum application for leaching saline-sodic soils, can be an invaluable practice in the Jordan Valley, especially as fresh water becomes an increasingly valuable resource. Moreover, as gypsum is a relatively inexpensive material to purchase in large quantities, the research pointed out that using both saline water and gypsum might be a potential reclamation material for saline-sodic soils on a large scale in arid and semiarid environments. It is also recommended to investigate other soil reclaiming materials, such as phosphoric acid (H 3 PO 4 ) with saline-sodic soils alongside saline water.
